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Fermilab 1999
SUSY99 was my first physics conference

Great Times & Really Exciting!

Working on CDF putting together the COT



12 Years Later:

2 Years into the LHC
How are we doing?

Matched Tevatron

Doubled Tevatron

Another 70%

Gain in Mass Reach

1pb-1

10pb-1

100pb-1

1fb-1

10fb-1

2011 2012 20132010

Fastest pace change in my physics career!



The Searches at the LHC 
Seem to be going great

Discuss how we should evaluate performance

Review of Simplified Models

Efficacy

More searches being done

Searches being done very quickly
(Including many new ones)

Searches being designed with less model dependence



Theory Space

Susy

Extra Dim

Technicolor

Little Higgs

Signature Space

Jets

Leptons

Heavy
Flavor

Missing
Energy

Need axes for
Theory Space to map into 

Signature Space

Constructing Signature Space
from Theory Space
not easy/efficient

Should be Discovery Time!

Big picture

Detailed Picture

How to make sure that no stone is unturned?



Problem with Model Dependent Search Design
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Figure 10: The observed and expected 95% CL exclusion contours in the CMSSM parameter
m0-m1/2 plane using the signal cross sections calculated at NLO. The shown contours are the
combination of the different selections, such that the shown contours are the envelope with
respect to the best sensitivity. The remaining CMSSM parameters are tan b = 10, µ > 0, and
A0 = 0. The limits from earlier CMS searches and from other experiments are also shown.
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A great search for 
jets + MET
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W̃ �WB̃

+ ...
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mSugra: m 1
2
,m2

0, A0, Bµ, µ

A great search for 
jets + MET

pp� g̃g̃

g̃ � qq̄W̃

W̃ �WB̃

+ ...

What happens if mh0 = 140 GeV ?
Squark masses need to be  ~1000 TeV

Be a peculiar corner of mSugra (if it exists)

Every mSugra scan would be useless, how do we interpret?
Would have to determine which mSugra features are generic?



Captures specific models 

Simplified Models

Easy to notice & explore kinematic limits

Limits of specific theories

Not fully model independent, 
but greatly reduce model dependence

Removes superfluous model parameters

Only keep particles and couplings relevant for searches

Add in relevant modification to models (e.g. singlets)

Including ones that aren’t explicitly proposed

Masses, Cross Sections, Branching Ratios (e.g. MARMOSET)

Still a full Lagrangian description



Simplified Models
Direct Decays

g̃

�̃

MASS

color octet majorana 
fermion (“Gluino”) 

neutral majorana 
fermion (“LSP”) 

THREE-BODY

g̃
q̃

q q̄

�0
1



V. GLUINO EXCLUSION LIMITS

A. No Cascade Decays

For the remainder of the paper, we will discuss how model-independent jets + ET⇥ searches
can be used to set limits on the parameters in a particular theory. We will focus specifically
on the case of pair-produced gluinos at the Tevatron and begin by considering the simplified
scenario of a direct decay to the bino. The expected number of jets depends on the relative
mass di�erence between the gluino and bino. When the mass di�erence is small, the decay
jets are very soft and initial-state radiation is important; in this limit, the monojet search
is best. When the mass di�erence is large, the decay jets are hard and well-defined, so
the multijet search is most e�ective. The dijet and threejet searches are important in the
transition between these two limits.

As an example, let us consider the model spectrum with a 340 GeV gluino decaying
directly into a 100 GeV bino. In this case, the gluino is heavy and its mass di�erence with
the bino is relatively large, so we expect the multijet search to be most e�ective. Table III
shows the di�erential cross section grids for the 1-4+ jet searches for this simulated signal
point. The colors indicate the significance of the signal over the limits presented in Table II;
the multijet search has the strongest excesses.

Previously [28], we obtained exclusion limits by optimizing the ET⇥ and HT cuts, which
involves simulating each mass point beforehand to determine which cuts are most appropri-
ate. This is e�ectively like dealing with a 1� 1 grid, for which a 95% exclusion corresponds
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FIG. 4: The 95% exclusion region for DO⇥ at 4 fb�1 assuming 50% systematic error on background.
The exclusion region for a directly decaying gluino is shown in light blue; the worst case scenario
for the cascade decay is shown in dark blue. The dashed line represents the CMSSM points and
the “X” is the current DO⇥ exclusion limit at 2 fb�1.
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Tevatron Reach

4 fb-1

2� sensitivity

g̃ � B̃jj

g̃ � �Wjj � (B̃jj)jj

mg̃
>� 120 GeV

Alwall, Le, Lisanti, Wacker 2008

Simplified Models showed a gap
in Tevatron coverage



Important to keep the cross section free

Easy to dilute signal with small branching ratios

� � (Br(g̃ � X))2

Br(g̃ � X) � 1
3

the rate drops by an order of magnitude

Rate ~

If

Dropping S/B by an order of magnitude
dramatically changes discovery prospects

All searches at LHC are model dependent



Putting it all together

200 pb

300 pb

500 pb

1 nb

2 nb

100 pb

Tevatron

!prod  = 3!" NLO-QCD 

!prod  = !" NLO-QCD 

!prod  = 0.3 !" NLO-QCD 

!prod  = 0.1 !" NLO-QCD 

mSUGRA

g̃ � �qq̄

Sample theory

There could have been discoveries!

LHC 70 nb-1



10 4 Interpretation in the context of Simplified Model Spectra
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Figure 8: Cross section for the gluino pair production topology excluded at the 95% CL. Over-
laid are the excluded regions of parameter space using the reference cross sections �prod. Left:
including theoretical uncertainties; Right: not including theoretical uncertainties.
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Figure 9: Cross section for the squark pair production topology excluded at the 95% CL. Over-
laid are the excluded regions of parameter space using the reference cross sections �prod. Left:
including theoretical uncertainties; Right: not including theoretical uncertainties. (The contour
with (� � BR)95%CL = �prod is not visible in the figure.)

Available on the CERN CDS information server CMS PAS SUS-11-001

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2011/04/05

Further interpretation of the search for supersymmetry
based on �T

The CMS Collaboration

Abstract

A first search for supersymmetry in events with jets and missing energy was carried
out in Phys. Lett. B 698 (2011) 196, using 35 pb�1 of integrated luminosity at

⇥
s

= 7 TeV. In this search, the variable �T was used as the main discriminator between
events with real and fake missing transverse energy and no excess of events over the
Standard Model expectation was found. In this note an extended interpretation of the
above result is presented. The dependence of the exclusion limit on the tan ⇥ param-
eter of the Constrained Minimal Supersymmetric extension of the Standard Model is
studied. Furthermore, upper limits on the cross section for different Simplified Model
Spectra are presented.

Much easier to interpret!
mg̃ = 400 GeV m�0 = 50 GeV

mg̃ = 400 GeV m�0 = 370 GeV � � Br � 30 pb
� � Br � 8 pb



How to Determine If the Searches 
are Good Enough

Concept of “Efficacy”

Take your favorite benchmark model

Doing well if E � 1

E = �actual search
expected lim.

�best possible
expected lim.



It only asks how effective is a search
relative to how well it is possible to do

Efficacy

Even if 
�best possible

estimated lim � �expected

�best possible
estimated lim � �expected

searches should be improved

or

Eliminates some model prejudice

Not easy to determine �best possible
estimated lim



Why it Matters?
3 Phases of a Search

Rate Limited

Statistics Limited

Systematics Limited

�lim � L�1

�lim � L�
1
2

�lim � L0

Systematic errors exist � � 20%� 100%

Nbg = L �bg

Nsignal lim � 1� N
1
2
bg � � Nbg

Nbg
<� 1

1 <� Nbg
<� ��1

Nbg
>� ��1

Nsignal � L �signal



If a search has poor efficacy

Rate Limited Statistics Limited Systematics Limited

Takes longer to discover

5 times longerE = 5

E = 2

LNeeded

Lmin
E E2 ��

25 times longer

2 times longer

Prematurely 
Systematically limited

4 times longer Possibly Prematurely 
Systematically limited

In practice, usually search regions are tweaked
to prevent systematics from dominating



How Blind Spots Develop

Nsignal = L �signal Br �e�
�actual � �expected

Bractual � Brexpected

�e� actual � �e� expected

1�Nsig expected

Cuts Optimized 
for these kinematics

Expected Maximum Sensitivity

m

Actual theory

N

E



How Blind Spots Develop

Cuts Re-optimized 
for these kinematics

m

New kinematics more different than before from true theory

�e� actual � �e� expected
<� �e� new expected

Efficiencies drop

(expect searches to be
systematically limited)

Note CMS plot didn’t go beneath 400 GeV

At higher luminosity, cuts change
Triggers change, Kinematics change, Systematics change

E

N



Designing Search Regions

Number of search regions depends on desired Efficacy

E(M,S) =
�lim(M,S)
�best

lim (M)
M = Model
S = Search Region

� 1

Need a set of search regions 
when combined has universal coverage

Keep E � Ecrit for all theories

Want the Efficacy bounded for all masses
and decay topologies 



cu
t 

sp
ac

e

m
od

el
 s

pa
ce

model space

Hunting for Optimal Cuts

cut 1 cut 2

1

E

Ecrit

 Find the minimum set of cuts whose combined
       reach is close to optimal (within a given accuracy) for all models.



Case Study: Heavy Flavor Susy Jets+MET

�̃±

g̃mg̃

0

�̃0

GW̃

m�̃0

m�̃±

B : bb̄�0 M : tb̄�� J : qq̄�0T : tt̄�0

0

�̃0m�̃0

TB̃

t̃mt̃

BB̃

b̃mb̃

0

�̃0m�̃0

t : t�0

10 Topologies 2 Topologies

Gluinos Squarks

Have 3 Free Parameters in Each Topology
2 Masses & Cross Section x BR



How Many Search Regions Necessary?

1.0 2.01.5 2.5
Ecrit

5

15
10

20

Sweet spot
Searches become 

much more specific

Not simpler
than more 

effective searches

Design Search Regions for float Efficacy



What are these searches?

17

To make the set of benchmarks as intuitive as possible, we began with five benchmarks per
topology, spaced to e↵ectively span both the massless and degenerate LSP regions. However,
we found that these benchmarks alone fell far short of our goal. A search optimized only
for these benchmarks will miss roughly one third of the simplified model parameter space.
To improve the benchmark list, we found that the most important additions were in the
simplified model topologies with many b-quarks but without top quarks and leptons, such
as the GBB

B̃
and BB̃ models.

C. Search Strategies

The following table displays the searches that make up the optimized search strategy that
was found to cover the entire parameter space of simplified models.

Search Region Nj N` Nbjet ET6 HT

High HT 1 4+ 0 0 300 1000
High MET 2 4+ 0 0 400 500

1 b Low multiplicity 3 2+ 0 1+ 400 400
1 b High HT 4 4+ 0 1+ 300 800
1 b High MET 5 4+ 0 1+ 400 500
2 b High MET 6 3+ 0 2+ 250 400

3 b High MET 7 3+ 0 3+ 250 600
3 b Low MET 8 4+ 0 3+ 150 300

b SSDL 9 2+ SSDL 1+ 0 200

Each search region gives E(Ci)  2.0 for some of the simplified models, so that all
simplified models are covered by at least one search region. As an illustration, Fig. 14 shows
the cuts that would give the best coverage for the BB topology, with L =??? pb �1.

To interpret this table, note that the optimized search achieves sensitivity to generic jets
and missing energy signals with a small number of searches that involve significant ET6 and
large HT cuts. To uncover heavy flavor physics, there are several searches involving b-jets
with more modest cuts on HT . Since many of the simplified models produce 4b jets in every
event, we find that a 3b-jet search with a very modest ET6 cut and a minimal HT cut can
be very e↵ective. Finally, the search involving same-sign dilepton in events with 2 or more
b-jets achieves great sensitivity to multi-top events and does an excellent job covering the
region where mg̃ ⇡ 2mt + m�0 .

D. The Utility of 3b and SSDL Searches

During the process of optimizing searches we found that the 3b and same-sign dilepton
channels should be utilized. This interesting and perhaps surprising result suggests that
experimental studies, which currently only go up to 2b and 1`, could be better optimized by
considering these channels. Here we will explore this issue in more detail.

2 Normal Light Flavor
4 Normal Heavy Flavor

3 Low BG Heavy Flavor

(searches useful for 1/fb to 15/fb) 



g̃g̃ � (tt̄�0)(tt̄�0)
4 Tops + MET
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4 jets, 1 bjet, MET>400 2 jets, 1 bjet, SSDL

2 Search Regions Cover Everything at 1 fb-1



Pretty Fool-Proof

Get all the relevant topologies

Do scans of relevant parameters

Consider all possible searches

Specify how good is good enough

Design a set of searches covering everything

Perform the searches!

Really MC Intensive! 
We had 3000+ models with just 12 topologies



Models Share Broad Similarities

Can optimize over a small subset
and still find the that you need the same 9 searches

60 Benchmark Heavy Flavor Models work

With well-chosen models, you can mindlessly optimize
and not overtune the searches

Full simulation doesn’t need to be wasted
on doing extensive scans



Benchmarks are chosen to be maximally different
in Signature Space

Certain combinations of Searches are effective
at covering many models

The benchmarks are chosen to identify these 
combinations

Benchmarks are more reliable to communicate
between Theory & Experiment
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The 30 Light Flavor Benchmarks
used by ATLAS

Found that efficacies for light-flavor Jets+Leptons+MET

E <� 2.0For ~50%

2.0 <� E <� 5.0

E >� 5.0

For ~30%

For ~20%

Could regain coverage typically by tweaking cuts
to pull signal from background

Modified a trigger to recover more leptons+MET



What’s needed

More topologies or interesting kinematic regimes

Gluino-Squark-LSP Simplified Model not studied
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We present a broad class of supersymmetric models that preserve R-parity but lack missing
energy signatures. The key assumptions are a low fundamental SUSY breaking scale and new light
particles with weak-scale supersymmetric masses that feel SUSY breaking only through couplings to
the MSSM. Such particles are nearly-supersymmetric NLSPs, leading to missing ET only from soft
gravitinos. We emphasize that this scenario is natural, lacks artificial tunings to produce a squeezed
spectrum, and is consistent with gauge coupling unification. The resulting collider signals will be
jet-rich events containing false resonances that could resemble signatures of R-parity violation or
of other scenarios like technicolor. We discuss several concrete examples of the general idea, and
emphasize �jj resonances and very large numbers of b-jets as two possible discovery modes.

Introduction. The Large Hadron Collider (LHC) has
embarked on a broad campaign to discover weak scale
supersymmetry (SUSY). Many SUSY (see [1] for a re-
view) searches are now underway, hoping to discover en-
ergetic jets, leptons, and/or photons produced by the de-
cays of superpartners. A common feature of most SUSY
searches [2–5] is that they demand a large amount of
missing transverse energy as a strategy to reduce Stan-
dard Model (SM) backgrounds. This approach is moti-
vated by R-parity, which, if preserved, implies that the
lightest superpartner (LSP) is stable and contributes to
missing energy. In this paper, we introduce a new class of
SUSY models that preserve R-parity, yet lack missing en-
ergy signatures. These models of Stealth Supersymmetry
will be missed by standard SUSY searches.

Even when R-parity is preserved, the lightest SM (‘vis-
ible’ sector) superpartner (LVSP) can decay, as long as
there is a lighter state that is charged under R-parity.
This occurs, for example, when SUSY is broken at a low
scale (as in gauge mediated breaking, reviewed by [6]),
and the LVSP can decay to a gravitino, which is stable
and contributes to missing energy. Here, we consider the
additional possibility that there exists a new hidden sec-
tor of particles at the weak scale, but lighter than the
LVSP. If SUSY is broken at a low scale, it is natural for
the hidden sector to have a spectrum that is approxi-
mately supersymmetric, with a small amount of SUSY
breaking first introduced by interactions with SM fields.

The generic situation described above is all that is re-
quired to suppress missing energy in SUSY cascades. The
LVSP can decay into a hidden sector field, X̃, which we
take to be fermionic, and heavier than its scalar super-
partner, X. Then, X̃ decays to a stable gravitino and its
superpartner, X̃ ! G̃X, and X, which is even under R-
parity, can decay back to SM states like jets, X ! jj. Be-
cause the spectrum in the hidden sector is approximately
supersymmetric, the mass splitting is small within the X
supermultiplet, mX̃ � mX ⌧ mX̃ . Therefore, there is no

phase space for the gravitino to carry momentum: the
resulting gravitino is soft and missing energy is greatly
reduced. We illustrate the spectrum, and decay path,
in figure 1. We emphasize that this scenario requires no
special tuning of masses: the approximate degeneracy
between X and X̃ is enforced by a symmetry: supersym-
metry!
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FIG. 1. An example spectrum and decay chain for Stealth
SUSY with gluino LVSP.

A hidden sector may therefore eliminate missing en-
ergy, making the SUSY searches ine�ective at the LHC.
Moreover, the LEP and Tevatron limits on supersym-
metry mostly rely on missing energy, and do not apply
to these models. This raises the interesting possibility
of hidden SUSY: superpartners may be light enough to
have been produced copiously at LEP and the Tevatron,
yet missed, because their decays do not produce miss-
ing energy. Our proposal is morally similar, but more far
reaching, than the idea that the higgs boson may be light,
but hidden from LEP by exotic decay modes (see the ref-
erences within [7], and more recently [8, 9]). It also has a
great deal in common with SUSY models containing Hid-
den Valleys [10], though in previous discussions 6ET has
been suppressed by longer decay chains, rather than su-
persymmetric degenerate states. Fortunately, there are a
number of experimental handles that can be used to dis-
cover stealth supersymmetry. Possible discovery modes

FIG. 1. An example spectrum and decay chain for Stealth SUSY with gluino LVSP.

cascade, if its mass fits in the small available phase space: we can generalize to X̃ ! ÑX for

a variety of light neutral fermions Ñ . Because gravitino couplings are 1/F -suppressed, such

decays are often preferred if available. Then, we need not assume low-scale SUSY breaking;

gravity mediation can also give rise to this scenario, if a suppressed SUSY-breaking splitting

between X̃ and X is natural. This calls for sequestering, an idea that already plays a key

role in such scenarios as anomaly mediation [4].

A hidden sector may therefore eliminate missing energy, making the SUSY searches inef-

fective at the LHC. Moreover, the LEP and Tevatron limits on supersymmetry mostly rely

on missing energy, and do not apply to these models. This raises the interesting possibility

of hidden SUSY: superpartners may be light enough to have been produced copiously at

LEP and the Tevatron, yet missed, because their decays do not produce missing energy.

Our proposal is morally similar, but more far reaching, than the idea that the higgs boson

may be light, but hidden from LEP by exotic decay modes (see the references within [5],

and more recently [6]). It also has a great deal in common with SUSY models containing

Hidden Valleys [7], though in previous discussions 6ET has been suppressed by longer decay

chains, rather than supersymmetric degenerate states. Fortunately, there are a number of

experimental handles that can be used to discover stealth supersymmetry. Possible discovery

modes that we emphasize in this paper include highly displaced vertices, triple resonances

such as �jj, and the presence of a very large number of b-jets.
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Eviscerates MET even with stable LSP
Fan, Reece, Ruderman



What’s needed

Need a better mapping of signature space

Leptons + Many Jets
Lisanti, Schuster, Strassler, Toro

Many searches require at most 4 or 5 hard jets

But signals can have 6  to 12 hard jets + MET
Many with b-jet

Some of these would fall under “Quantum BHs”
(goes back to SUSY99!)

But how effective are these searches?



Exciting Times!

We’re rapidly increasing our knowledge of
the TeV scale

 New physics can be subtle and hidden 
under backgrounds

Joint Theory-Experiment effort to ensure
we’re not letting physics hide

We don’t have a target to aim at


